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ABSTRACT
The feeding ecology of a common saltmarsh crab, Armases cinereum (Armases), was
investigated to determine how habitat (mangrove vs. ecotone, natural mangrove vs. modified
mangrove fringe) influenced this species’ feeding behavior and trophic ecology in its
southwestern Florida, USA, distribution. In the laboratory, Armases’ preference for mangrove
material was examined using leaves of three mangrove species (Avicennia germinans,
Laguncularia racemosa, and Rhizophora mangle) and leaves of different degradation levels
(fresh, senescent, and partially-decomposed). Leaf material from A. germinans was preferentially
consumed over the other taxa at fresh and partially-decomposed levels of leaf decay. When
Armases were offered a choice between four common upland vegetation types (Iva frutescens,
Borrichia frutescens, Nephrolepis biserrata, and Stenotaphrum secundatum), the preferred
mangrove from the previous experiment (A. germinans, partially-decomposed), and an animal
prey item (Gryllodes sigillatus, cricket), Armases displayed greatest selectivity for the animal
prey item and high selectivity for both I. frutescens and A. germinans plant taxa (Manly-Chesson
α selectivity and Chesson ϵ electivity). Field-based stable isotope analysis was used to determine
trophic position and reconstruct dietary proportions of Armases across three pairs of natural and
heavily-modified sites within Tampa Bay to determine whether Armases feeding behavior is
impacted by the presence of upland forest adjacent to mangrove forest habitat. Analysis of
trophic position based on δ15N signatures of Armases from each of the six populations revealed
that Armases in habitats with modified connectivity had lower trophic variability and
significantly higher average trophic position compared to Armases sampled from the three sites
v

with natural connectivity. Stable isotope diet reconstruction using the Bayesian mixing model
SIMMR further established Armases preference for animal-derived food material in habitats with
natural and modified connectivity. This preference is likely driven by high selectivity for sources
rich in Nitrogen (i.e., animal tissue, partially-decomposed A. germinans material, and I.
frutescens). I determined that the use of laboratory experiments in conjunction with stable
isotope mixing models is important in accurately investigating feeding preferences of Armases in
mangrove intertidal regions. Together, my results show that the diet of Armases is broadly
omnivorous and populations can be influenced by the heterogeneity of their habitat. Further
feeding experiments, dietary analyses and a longer sampling period are needed to more
definitively identify the patterns of Armases detritivory in mangrove and ecotonal upland
habitats.

vi

INTRODUCTION
Disturbance (defined here as modification, either natural or anthropogenic, of a habitat)
has been identified as a key player influencing food web dynamics as a result of alterations in
habitat size, availability, or heterogeneity (Cohen and Newman, 1988). The impact of
disturbance on food web dynamics may be most obvious in mosaic habitats. In mangrove
habitats specifically, food web dynamics have been shown to be contingent upon the degree of
fragmentation and between-patch connectivity (Layman et al., 2007) indicating a tight coupling
between trophic functioning and the spatial context. Trophic food web analysis may be a useful
method to assess how habitat fragmentation or disruption can impact individuals, populations,
and/or communities. Furthermore, comparisons of disrupted food webs with geographicallypaired undisturbed food webs can be a powerful tool for investigating ecosystem functional
shifts, food web stability, and recovery trajectories (Nordstrom et al., 2015).
Disturbance, leading to habitat modification (i.e. removal of habitat for construction of
human infrastructure) often results in variation in basal energy sources of a food web and
together with top-down forces can contribute to landscape-level and population-level food web
variation (Nordstrom et al., 2015; Rooney et al., 2008). In coastal systems in the southeastern
United States the most dominant intertidal coastal communities are defined by either marsh-grass
dominant or mangrove-dominant primary producers that are also susceptible to disturbance via
human-driven habitat modification. Mangroves, highly productive and ecologically important
habitats (Lee 1995; Bouillon et al., 2008) connecting subtidal and supratidal habitats, can provide
a transition zone between aquatic and upland communities.
1

Our early understanding of mangrove food webs is largely based on the movement of
mangrove-derived primary productivity, largely in terms of detrital pathways and offshore
movement (Odum and Heald, 1972). However, the importance of offshore movement of
mangrove-derived carbon to fuel subtidal detrital pathways has been challenged and some
researchers have highlighted the role of detritivorous animals (i.e., crabs and gastropods) which
contribute to the active decomposition and movement of mangrove-derived carbon (Bouillon et
al. 2008; Robertson, 1986; 1991) within the mangrove habitat. Such animals drive the top-down
trophic cascades which influence the detrital pathways of mangrove forest and intertidal habitats
(Ho and Pennings, 2008). Habitat modification may therefore have implications for carbon
movement within and from mangrove habitats.
Semi-terrestrial detritivorous crustaceans may serve an important motile link function in
intertidal mangrove habitats where their bi-directional movement can subsidize adjacent food
webs. Motile organisms can actively translocate organic material in a variety of forms including
fecal matter, prey, and offspring moving between adjacent habitats (Lewis et al., 2007; Polis et
al., 1997). Lundberg and Moberg (2003) identify these organisms as “motile link organisms”
which transfer both material and ecosystem processes. Such organisms contribute to- and rely on
multiple food webs, increasing food web complexity, and they may indirectly stabilize them.
Few studies have explored the dynamics of carbon transfer between mangroves and adjacent
upland terrestrial habitats (i.e. upland pine forests, Hübner et al., 2015). If habitat modification
leads to changes in upland habitat adjacent to mangroves, the then it is likely that mobile
organisms, and potentially energy transfer and food web dynamics, will be impacted.
Describing feeding behavior may serve as a useful tool in characterizing food web
stability at both individual (Jack and Wing, 2011) and population-level (Thompson and
2

Townsend, 2004) scales. Crabs of the family Sesarmidae have been broadly identified as
prominent mangrove-dwelling leaf-litter consumers in eastern hemisphere regions (Robertson,
1986; 1988; 1989; Lee, 1998), however Sesarmid taxa from mangrove habitats in the western
hemisphere display less niche-specialization (e.g. more generalized feeding behavior) (Lee et al.,
2014; Robertson and Daniel, 1989; Cannicci et al., 2008). Mangrove food webs in the Western
hemisphere may contain more complex detrital pathways (Neilson et al., 1986) leading to more
omnivorous feeding patterns of detritivores and more complex, less restricted coupling between
primary and secondary production (Robertson and Daniel, 1989). By working to understand
feeding behavior (via metrics of preference and selectivity) and a time-integrated approach to
diet composition in disturbed and natural areas, it is possible to better-understand the effects of
habitat disturbance and fragmentation on individuals, populations, and communities across a
heterogeneous landscape.
In Florida, USA, mangrove habitat fringes the coastline of much of the lower portion of
the state south of the tropical-temperate transition zone (between 20° and 40° North and South
latitudes where saltmarsh transitions to mangrove forest) (Osland et al., 2013). The arboreal
Sesarmid crab, Aratus pisonii, has been the focus of much western hemisphere mangrove forest
research as this species influences the energy flow between marine and terrestrial systems
(Beever et al., 1979; Erickson et al., 2004). However, the extent of A. pisonii movement within
and between habitats is relatively unknown compared to a related Sesarmid crab, Armases
cinereum (hereafter referred to as Armases), the Squareback Marsh Crab, which is sympatric
with A. pisonii in mangrove habitats in Tampa Bay, Florida (Abele, 1992). Armases is a useful
species for studying trophic dynamics in coastal habitats due to their high local abundance in
both saltmarsh and mangrove habitats (with a distribution ranging in elevation from subtidal to
3

supratidal), and wide-ranging mobility that spans the mangrove/upland ecotone (Abele 1992; Ho
and Pennings, 2008; Hübner et al., 2015). Current research on Armases indicates that this
species’ pattern of resource use is likely impacted by factors such as abundance of arthropod
prey, presence and type of basal resources (e.g., plant species identity), and habitat spatial
heterogeneity (Pennings et al., 1998; Buck et al., 2003; Ho and Pennings, 2008; Hübner et al.,
2015). This highly mobile species is established as a critical biotic vector of organic carbon at
the marine/terrestrial interface between saltmarsh and upland forest (Hübner et al., 2015),
however it is unclear how Armases is interacting with mangrove-derived carbon and how
presence of adjacent upland forest habitat influences the position of the crab in the food web.
Based on movement patterns and feeding behaviors of Armases cinereum (Armases) in
the saltmarsh/upland forest ecotone revealed by Hübner et al. (2015) and Zimmer et al., (2004),
it is likely that modifications to upland habitat, adjacent to mangrove habitat, might influence the
resource use patterns and trophic position of Armases. Here, I seek to determine whether habitat
connectivity, defined here as the presence of upland pine scrub forest adjacent to mixed
mangrove forest, influences the feeding behavior of Armases, an important detritivore in
intertidal systems. Using a set of laboratory feeding experiments I investigate whether Armases
displays diet selection (preferential consumption, Manly 1995) for any of three abundant
mangrove taxa at three levels of leaf decay. As Armases is a mobile species, dietary selection for
other food sources typically abundant at the mangrove/upland forest transition zone also was
investigated. Lastly, via stable isotope analysis, the proportional dietary contributions of local
vegetation and animal sources were used to establish 1) how the relative contributions of major
prey items to Armases at the mangrove/forest ecotone differ between modified and unmodified

4

locations, and 2) whether differences in diet are reflected in the trophic level of Armases found in
these areas.

5

STUDY AREAS AND BACKGROUND INFORMATION
Site Descriptions
A summary of all sites used for the feeding experiments and trophic analyses is presented
Table 1. Collections of Armases and vegetation food items for all laboratory feeding experiments
were conducted in Upper Tampa Bay Regional Park (UTBRP) in May 2016. To compare
Armases trophic position and dietary composition, three pairs of sites were chosen within the
Tampa Bay area that had varying dimensions of mangrove habitat and upland forest: Upper
Tampa Bay Regional Park (UTBRP) & R.E. Olds Park (REOLDS), Honeymoon Island State
Park (HI) & Honeymoon Island Causeway (HI-C), Weedon Island Preserve (WI) & and Gandy
Bridge (GB). For each pair of sites, one was characterized by continuous habitat connectivity
between mangrove forest and upland forest habitat, and the other as an anthropogenically
modified site with a mangrove fringe clearly disconnected from the upland forest by
infrastructure (i.e., manicured lawn/park, roadway, housing development). All material for
trophic analyses was sampled in June 2016.
Squareback Marsh Crab: Background Information
Armases cinereum, the focal organism of this study, is a common decapod crustacean
distributed from Maryland to Palm Beach County on the east coast of Florida and from Collier
County south to Veracruz, Mexico, along the west coast (Abele, 1973). The common occurrence
of this species in saltmarsh systems has led researchers to coin this species as a “saltmarsh” crab
6

(Pennings et al., 1998; Zimmer et al., 2004; Hübner et al., 2015), although the highest numbers
of Armases inhabit comparatively dry, supratidal habitats where individuals are often found
under wrack and wood debris (Seiple 1979) at the border between the upland forest and intertidal
region. Activities, including feeding patterns and trophic consequences, of Armases have been
predominantly studied in coastal marshes and upland habitats of Sapelo Island, Georgia
(Pennings et al., 1998; Ho and Pennings, 2008; Hübner et al., 2015), yet activities at the lower
limits of this crab’s range, where mangroves are the dominant coastal vegetation type, have been
largely overlooked.
Armases has been described as broadly omnivorous in feeding behavior with documented
consumption of a variety of intertidal and upland food sources: insects and plants (Ho and
Pennings, 2008), detritivorous gastropods (Ewers et al., 2012), amphipods and isopods (Buck et
al., 2003), and other co-occurring crustaceans such as Uca spp. (fiddler crabs) (Hübner et al.,
2015). Armases is not only an important primary and secondary consumer, but also likely an
important prey item for other coastal animals (i.e., other predatory crabs, fish, raccoons, birds,
turtles, and juvenile alligators) (Butler et al., 2012; Nifong et al., 2015).
The wide-ranging behavior of Armases makes it an ideal candidate for examining the
consequences of habitat connectivity on the movement of organic matter (crab prey) and
consumer-prey interactions across intertidal, supratidal, and upland areas (Hübner et al., 2015).
While Armases’ feeding preferences may already be established for saltmarsh habitats (Pennings
et al., 1998), little is known about whether this is also true for intertidal mangroves and
mangrove habitats connected to upland forests. Coastal habitats in the southern extent of the
Armases species range are dominated by mangrove habitat which is gradually replacing
saltmarsh grass (Spartina alterniflora) at the mangrove/marsh transition zone (Saintilan and
7

Rogers, 2015), therefore the consequences of the habitat shift from marsh to mangrove are
important to assess when considering trophic shifts and nutrient dynamics.
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MATERIALS AND METHODS
Three studies were completed in order to investigate feeding behaviors of Armases in
mangroves and ecotone habitats. To investigate mangrove herbivory patterns and prey selection
patterns in the mangrove / upland forest transition zone, two types of laboratory feeding
experiments were conducted: 1) mangrove leaf feeding, and 2) ecotonal food source feeding. To
examine how connectivity between mangrove and upland forest habitats influences trophic
dynamics and feeding of Armases, stable isotope analyses were conducted. Details of each study
are presented below.
Mangrove Leaf Feeding
Leaf Collection: Leaves were collected from three individual trees selected along the
same elevation for each of the mangrove species Rhizophora mangle (Red), Laguncularia
racemosa (White), or Avicennia germinans (Black) (Figure 1) and offered to Armases in a

Figure 1: Experimental design of mangrove leaf feeding experiment. Three trials (n=14) were conducted for
each leaf condition experiment (n=42 total). Different trees of the three mangrove taxa were used in each trial.
For each trial, leaves for all replicates were collected from the same individual of a species.
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controlled lab setting. Of interest was the feeding rate of crabs on leaves of three different
conditions: fresh, senescent, and partially-decomposed. Fresh leaves were collected by removing
undamaged green leaves from one branch to minimize within-tree variation. Senescent leaves
were characterized as yellowed leaves which were still attached to the tree and easily abscised.
Due to the low availability of senescent leaves within a single tree branch, senescent leaves were
collected from any branch of the same tree from which the fresh leaves were collected. Partiallydecomposed leaves were created by collecting senescent leaves (as described previously) which
were then placed in litter bags (28 x 32 cm) of fine mesh (2 x 2 mm) on the sediment surface at
mean tide height at UTBRP for 14 days to allow for both rapid and gradual phases of
decomposition (Lima and Colpo, 2014). The preparation of leaves followed the methodology
outlined by Ashton et al. (2002). Once collected, each leaf was rinsed with DI water, patted dry,
divided in half by cutting down the midrib, and refrigerated for 24 h while the crabs were
acclimatized to laboratory conditions. After 24 h, each leaf half was weighed (g) prior to the start
of an experiment. Half of each leaf was used in an individual crab treatment and the other was
used as a “crab-free control” (n=10 per trial) to account for differences in leaf mass due to
leaching.
Crab Collection: For each leaf condition experiment, forty-two crabs (21 males, 21
females) of roughly equal carapace size (between 10 and 14 mm) were hand-collected from
UTBRP in the ecotone between mangrove and upland forest habitats in the same area where
mangrove leaf collections were conducted. Crabs were randomly divided into three trial groups
(n=14) with equal male:female gender ratios. Crabs were held in individual plastic containers
and each container was filled with filtered seawater to a height of 0.25 cm, and kept at ambient
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room temperature (24-29° C) and natural photoperiod (12 L/12 D). Crabs were placed into
containers and starved for 24 h before the start of each experiment.
Experimental Design: Each experiment examined Armases consumption of leaves at one
level of decay (fresh, senescent, partially-decomposed). Consumption rates were examined by
offering leaves of all three species of mangrove simultaneously to a crab consumer. After crabs
were starved for 24 h, each was provided with a choice of three types of leaf material from each
of the three mangrove species (Figure 1) and allowed to feed freely for 48 h. Control treatments
were run simultaneously with each corresponding trial and therefore were subjected to the same
experimental conditions. At the conclusion of the experiment, any remaining leaf material was
removed, rinsed gently with DI water, patted dry, placed into pre-weighed foil weigh boats, and
dried to a constant weight (g) for 48 h Initial dry mass was estimated from wet mass via
regression (Appendix A). Mass consumed was measured by subtracting the final dry mass from
the estimated initial dry mass, corrected for the mass lost due to leaching from the control
treatments. Results are expressed as the percentage of initial dry mass consumed.
Ecotonal Food Source Feeding
To assess feeding selection of Armases for potential food sources abundant at the
mangrove/upland forest transition zone, a multiple-choice predation experiment was conducted
in May 2016. UTBRP, the site chosen to represent a “natural” ecotone transition for this
experiment, is characterized by a canopy dominated by Pinus elliotti, Pinus palustris, and
Quercus virginiana and an understory characterized by a variety of shrubs, grasses, and ferns
(i.e., Sabal palmetto, Serenoa repens, Myrica cerifera, Stenotaphrum secundatum, and
Nephrolepis biserrata). These moderately salt-tolerant plants at higher tidal elevation are
replaced at lower tidal elevations by herbaceous plants with greater tolerance for salt water
11

inundation (i.e., Borrichia frutescens, Iva frutescens, Juncus roemerianus, and a variety of
succulents). The intertidal mixed mangrove fringe consists of Red, White, and Black mangrove
taxa (Kiskaddon, pers. observ.). Therefore, Armases could potentially have access to this wide
variety of plant food sources and this was assessed in a laboratory setting.
For the ecotonal food source feeding experiment, food items included representatives of
vegetation and insect prey common at border between mangrove/upland habitats. Partially
decomposed Black mangrove leaves were selected for use in this experiment based upon results
from the previous mangrove leaf feeding experiment. Field observations indicated that Armases
would encounter detrital Black mangrove leaves more often than fresh Black mangrove leaves as
a results of their largely benthic-dwelling behavior. Insects, too, known as possible food sources
were offered to crabs in this experiment. The insect prey Gryllodes sigillatus, cricket, was
purchased through a commercial enterprise because a sufficient number and consistent size of
live arthropods (spiders, insects) could not be easily obtained from the field. Four additional
vegetative food sources were used, all of which were highly abundant based on observations at
the mangrove/upland forest ecotone: Stenotaphrum secundatum (Grass), Borrichia frutescens
(Borrichia), Iva frutescens (Iva), and Nephrolepis biserrata (Fern). Preliminary observations of
Armases in the laboratory confirmed that individuals would consume all food types if offered
that food type alone, both for vegetation and cricket animal prey items (Kiskaddon, pers.
observ.).
Plant Source Collection: The ecotonal food source feeding experiment mimicked the
experimental conditions and the plant leaf preparation methods used in the mangrove leaf
feeding experiment. The vegetation types used in this feeding experiment were collected as
fresh, undamaged leaves from the field. The leaves were collected from the same plant for all
12

replicates within a trial to minimize within-individual variation of plant taxa. Partiallydecomposed Black mangrove leaves were prepared according to the methods outlined previously
to obtain partially-decomposed leaves. Once collected, all vegetation was rinsed with DI water,
patted dry, bisected into two equal portions along the midrib, and weighed (g) prior to the start of
experiment. Half of each leaf was used in the crab treatments, and the other half was used in a
crab-free control as per standards for multi-choice feeding experiments (Manly, 1995) to account
for autogenic changes.
Experimental Design: Forty-five crabs of roughly equal carapace size (10 – 14 mm) were
collected from the mangrove/upland forest transition zone at UTBRP, the same location where
the food source vegetation was sampled. Each crab was randomly assigned to one of three trials
(n=15 per trial) with a gender ratio of 8:7 males to females. Upon collection, crabs were starved
in individual containers for 24 h in the laboratory. The crabs were then provided with all five
choices of food simultaneously (without replacement) and allowed to feed for 48 h. After 48 h,
any remaining food material was collected, rinsed in DI water, patted dry, placed into preweighed tin foil weigh-boats, and dried to a constant weight (g) for 48 h at 65°C. Initial dry mass
was calculated from regression of dry and wet weights (see Appendix A for regression).
Stable Isotope Analysis
In order to more-fully assess how habitat connectivity patterns influence trophic position
and feeding behavior of Armases in the field, Armases and associated vegetation were collected
from six sites across Tampa Bay (Table 1). Of interest was whether altered connectivity of the
tidal area with upland forest alters feeding patterns of Armases. Stable isotopes were used to
compare 1) major dietary components and 2) trophic position of Armases at sites with continuous

13

habitat connectivity between mangrove and upland forest habitats (“natural” sites) to Armases at
sites where tidal area is disconnected completely from upland forest habitats (“modified” sites).
Stable isotope ecology employs the analysis of naturally-occurring ratios of elements
(i.e., 13C/12C and 15N/14N among others) to trace the origin of organic matter assuming that 1)
differences in the stable isotope signatures of primary produces exist, 2) that those differences
are maintained or altered in predictable ways during natural degradation processes, and 3) that
changes in isotopic signatures occur predictably during transfer to higher trophic levels (Bouillon
et al., 2008). In this way, a consumer’s stable isotope signature can act as a reflection of
assimilated diet over time (Deniro and Epstein, 1976; de la Morinière et al., 2003).
Stable isotope analyses can serve as a complement to laboratory feeding studies which
are not always directly applicable to natural settings where consumption of prey by a consumer
may be dependent on many factors not replicable in laboratory conditions (Page et al., 2013).
Here, I was interested in comparing trophic position, a metric becoming more relevant in
investigations into the impacts of natural and anthropogenic forces on food web dynamics (Page
et al., 2013; Jack and Wing, 2011). Trophic position, as defined here, refers to the location of an
organism within a food web that can vary in time, space, and complexity (Page et al., 2013; Post
2002). A shift in trophic position can then inform on the variation inherent in the diet of the
species of interest.
Sample Collection and Preparation: Sampling for trophic analyses was conducted at all
study sites (Table 1). It was necessary to sample in-situ Armases consumers and possible source
contributors at each site due to an expected high degree of spatial variability in 13C/12C or
15

N/14N ratios (Bouillon et al., 2008 and refs. therein). Sampling occurred at all sites in June

2016 corresponding to peak plant growth and increased Armases activity (Kiskaddon, pers.
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observ.). At each site, in addition to Armases, fauna collections included most conspicuous
crustaceans, spiders, and insect prey items. Insects and spiders were collected via hand nets and
direct removal from host plants; benthic-dwelling terrestrial arthropods were collected from
samples of standing leaf litter and surface sediment samples. Crustaceans and mollusks were
collected by hand. Common vegetation was sampled separately for fresh leaves and detrital
leaves (stems and roots were not included in analyses). A minimum of three individuals of
crustaceans, marine invertebrates, insects, terrestrial arthropods, and plants were collected as
replicates for isotope analyses. All material was frozen (0-4°C) until dried, ground, and analyzed.
Both animal and plant tissues were processed according to the methods outlined by Levin
& Currin (2012). Individuals arthropods (both marine and terrestrial) and plants were analyzed
separately, but in some cases small insects and spiders of the same species were combined to
provide enough sample for analysis. Samples were sent to the USFSI Stable Isotope Lab,
Department of Geology, University of South Florida, Tampa, using a Costech ECS Elemental
Analyzer with a “zero-blank” autosampler connected to a Thermo Fisher Scientific (FINNIGAN)
Delta V 3 keV isotope ratio mass spectrometer. The measured stable isotope ratios of 13C/12C
and 15N/14N are reported as δ13C and δ15N in ‰ units relative to the standards, Vienna PeeDee
Belamnite carbon and air nitrogen, respectively. Standard delta notation was used: δ13C or δ15N =
[(Rsample/Rstandard)-1]*1000, where R is respectively 13C/12C or 15N/14N. Percent C and N were
also reported and used in mixing model analysis to account for concentration dependence.
Trophic Position: Due to the incremental increase of the δ15N in a consumer relative to its
diet, it is possible to estimate relative trophic position using the δ15N value of the consumer, and
in this analysis the nitrogen (N) stable isotope was likewise used (Fry, 1998; Cabana and
Rasmussen, 1996; Post et al., 2000; Vander Zanden and Rasmussen, 2001; Post, 2002). The
15

relative trophic level of Armases was calculated for each site using the model outlined by Post
(2002). Trophic position was calculated using the equation below:
trophic position = ʎ +

(δ15 𝑁𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟 − δ15 𝑁𝑏𝑎𝑠𝑒
𝛥𝑛

where ʎ is the trophic position of the organism used to estimate δ15Nbase (e.g. ʎ = 2 for primary
consumer), δ15Nsecondary consumer (δ15Nsc, or any higher consumer) is measured directly via isotope
ratio mass spectrometer, and Δn is the enrichment in δ15N per trophic level. The Δn value used in
this study is the standard used in the literature, Δn = +3.4 ± 1.0‰ (± 1 SD), based on a metaanalysis of trophic enrichment factors (Post, 2002) and the seminal work by Peterson and Fry
(1987). The δ15Nbase value represents the baseline δ15N of the producer(s) proxy (trophic level 2,
primary consumer) to which the δ15N values of the higher consumer can be compared (see Page
et al., 2013 and refs. therein). Here, the δ15N signature of Melampus coffeus, a relatively longlived detritivorous snail, was used as the N base which has been confirmed as a sufficient base
metric for trophic level analysis (Post 2002). The M. coffeus baseline δ15N used represented an
average δ15N signature of three individual snails sampled from each site, with each site analyzed
separately. Separate baselines were prepared to represent the base of each trophic food web.
Mixing Models: Mixing models are a powerful tool in stable isotope ecology as they use
stable isotope signatures to link consumers with possible dietary sources (Fry 2006; Layman et
al., 2012). From this, the relative contributions of different sources to a consumer can be
inferred. Recent methodologies have evolved beyond simple linear models to assess dietary
components, and current Bayesian mixing models incorporate much of the uncertainty that initial
models were unable to address (Smith et al., 2013).
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While Bayesian mixing models will automatically calculate source contributions even
when a model is highly unlikely to satisfy the point-in-polygon assumption for every consumer
(Parnell et al., 2010), an a priori Monte Carlo simulation of mixing polygons was performed
based on the methods outlined by Smith et al. (2013) in order to determine if mixing models
were appropriate for the data collected. The mixing polygon simulation provides iterative mixing
polygons which satisfy the point-in-polygon assumption of the Bayesian mixing models (e.g. that
the stable isotope signatures of all consumers lay within a convex polygon formed by outlining
the isotopic signatures of all the sources in isotopic space) (Phillips and Gregg 2003). This was
used to determine whether the proposed mixing models were likely to explain the isotopic
signatures of all consumers at each study site. Here, mixing model simulations were generated to
quantify a 95% confidence mixing region formed by the sources sampled for each site; this
provided the basis for consumer exclusion (any consumer falling outside the 95% confidence
region) and allowed visualization of how the two trophic enrichment factors used (standard and
Grapsid crab Δ15N enrichment) influence mixing regions and overall model output (Smith et al.,
2013). If no consumers fall within the 95% mixing region, this method suggest overall mixing
model rejection (i.e. food items examined do not explain the diet).
Once the applicability of a mixing model is confirmed for each site based on the 95%
confidence mixing region, the Bayesian Stable Isotope Mixing Model in R (SIMMR, Parnell and
Inger, 2016; Parnell et al., 2010) was used to calculate the most likely dietary proportions for the
sampled Armases according to contributing sources. The SIMMR model is an updated version of
the SIAR package in R (Parnell et al., 2008) which is based on Gaussian likelihood (Parnell et
al., 2008; Parnell et al., 2010), fitting the model to the data via Markov chain Monte Carlo
(MCMC). One of the benefits of this model is that it takes into account uncertainty and variation
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in consumer, sources, and trophic enrichment factors (TEF) (Parnell et al., 2010). The SIMMR
model uses the isotopic signatures of the consumers and all source contributors. To meet
restrictions of the available mixing models, sources from one collection were combined based on
overlapping stable isotope signatures and ecologically/trophically similar species (Table 2).
Mixing models are very sensitive to trophic enrichment values which influence δ15N and
δ13C values of consumers. The process of trophic enrichment (also known as trophic
fractionation) is generally known to be a result of the loss of the “lighter” isotope relative to the
slower loss of the “heavier” isotope through processes like metabolic activity and excretion
which leaves the consumer with isotope ratios that are higher than that of what they consume
(Fry 2006). I used +3.4‰ for Δδ15N, which is widely accepted for mixing model analyses
(Layman et al., 2012; Fry 2006). However, the fractionation of δ13C has recently been disputed
for detritivorous consumers and for crabs of the family Grapsidae in particular (Bui and Lee,
2014). The commonly used Δδ13C enrichment value is ~ +1‰, however this may not accurately
reflect true diets of mangrove crabs. Bui and Lee (2014) argue that, based on extensive
laboratory feeding experiments with the Grapsid crab, Parasesarma erythodactyla, native to
Australia, the true TEF for Δδ13C is actually +5.45‰ which in turn led them to detect a greater
emphasis on mangrove source contributions to consumer δ13C signatures when this higher value
was used compared to that when the conventional 1‰ value was utilized. Accordingly, I
compared mixing model results for Armases across sites based on two TEF values for δ13C: the
standard Δδ13C (+1.0‰) and the “Grapsid crab” Δδ13C (+5.45‰) (Bui and Lee, 2014).
The site-specific source and consumer stable isotope ratios, the corresponding TEF
values (standard and Grapsid values run separately), as well as the % C and N for concentration
dependence (Phillips and Koch, 2002) were used in the SIMMR models for consumers at each
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site. The SIMMR model iteratively creates possible source proportions that sum to 100%. The
SIMMR model was run for 100,000 iterations in which the first 10,000 were dropped, and
subsequent iterations were then stored and checked using convergence diagnostics (Parnell and
Inger, 2016). The results were averaged and descriptive statistics were given to provide a mean
(± SD) proportion of each food source contributing to the diet of each crab. The interval of
credible dietary proportions (the Bayesian equivalent of a confidence interval) (Parnell and
Inger, 2016) is also given for each site; a larger interval indicates uncertainty and ambiguity in
the model. If a large amount of uncertainty exists, it may be due to a variety of reasons (i.e.,
sources do not completely reflect the consumer’s signature, too many sources are used which do
not contribute to the consumer, or sources lie close together in isospace); Parnell and Inger
(2016) note that ambiguity is unavoidable in current stable isotope mixing models and therefore
the use of such models for dietary analysis should be considered carefully. Our use of two
different TEF values for Δδ13C in models provides a comparison of how widely dietary
composition can be influenced by TEF values.
Recent stable isotope analyses have alluded to the idea that habitat modification of inland
habitats adjacent to coastal systems may have consequences for ecosystem functioning via
disruption of trophic links of major consumers (Morrow et al., 2014). Although very empirical
results exist in the literature regarding the effects of habitat connectivity on food webs (see
LeCraw et al., 2014 and refs. therein), here I directly compared the trophic positions and dietary
composition of Armases between sites with natural and modified habitat connectivity to
determine if habitat modification of feeding behavior could be detected using stable isotope
analyses at the mangrove/upland forest transition zone.
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Statistical Analyses
Mangrove Herbivory: The % initial mass consumed of each mangrove species by each
replicate crab for the three trials in each leaf condition experiment (fresh, senescent, partiallydecomposed) were compared using non-parametric statistics (Kruskal-Wallis H test) because
data could not be transformed to meet assumptions of normality. Results for all trials were
pooled by leaf condition to allow direct comparison of feeding between experiments (see Figure
1). Friedman Rank Sum tests were used to test for difference in biomass of each leaf species
consumed per experiment type, and post-hoc Nemenyi Multiple Comparisons tests were used to
identify those that were significantly different. All statistics for this and all following
experiments and analyses were performed using R statistics package (R Core Team, 2015).
Ecotonal Food Source Feeding Experiment: Selectivity for plant taxa was evaluated
using the Manly-Chesson selectivity index α (without replacement) for each replicate crab. The
equation used to calculate the index is below:
αi = log pi / Σ log pj
where αi = Manly’s alpha for variable prey populations, pi , pj = proportion of prey i or j
remaining at the end of the experiment (amount of item i remaining at the end of the
experiment/amount of item i at the beginning of the experiment). Difference in selectivity
between trials (individuals of the same vegetation species) was assessed using nonparametric
Kruskal-Wallis tests as stated previously for the mangrove feeding experiment and all trials were
pooled. The mean selectivity index was calculated for each food type across all replicates and
compared using the Friedman rank sum test and post-hoc Nemenyi multiple comparisons test.
The different food sources were then ranked according to their preference using the Chesson
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Electivity Index (ϵ) for which values range from -1 (prey absent in the diet) to +1 (prey
representing 100% of diet), with a value of 0 corresponding to non-selective feeding (Chesson
1983). Chesson Electivity (ϵ) was calculated by:
𝑚𝛼 −1

𝑖
ϵi = (𝑚−2)𝛼
, i=1, …, m
+1
𝑖

where αi= α value of food type i and m=number of food types available.
Trophic Position: The trophic level of each individual Armases crab was calculated and
averaged by site. The mean (±SD) Armases trophic level was compared across sites using a oneway ANOVA and post-hoc Tukey’s honestly significant difference (HSD) test. Trophic level
was also compared between pooled individuals from all three natural and the three modified
habitats (normality and homoscedasticity of data tested using Shapiro-Wilks test and F test prior
to comparison of means using a two sample t-test).
Mixing models: The outputs of the Monte Carlo mixing polygons were reported as the
frequency with which each proposed mixing model could identify the contributions of each
source to explain a consumer’s isotopic signature. The mixing regions are represented
graphically for each site for both standard and Grapsid crab Δδ13C TEF values. The results of the
SIMMR model are presented as the most likely dietary proportions which sum to the observed
stable isotope signatures of the Armases consumers. The proportion of animal prey in the diet of
crabs across all six sites were compared using one-way ANOVA and post-hoc Tukey’s HSD test.
Proportion of animal prey and mangrove material in Armases diets were also compared between
sites with natural connectivity and those with habitat modification using two-sample t-tests to
determine if altered presence of adjacent upland forest impacted crab feeding behavior.
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Table 1: Physical description of sampling sites in Tampa Bay, FL. Material collected from Upper Tampa Bay Regional Park (UTBRP) was used
for laboratory feeding experiments. All sites were sampled for stable isotope analyses. Information compiled from field measurements, Google
Earth©, and Wateratlas.org.

Site

Acronym
Location

Upper Tampa
Bay Regional
Park
UTBRP
28°00’53.91”N
82°38’20.3”W
10.5-32.5
>10

Salinity range (psu)
Mangrove fringe
width (m)
Yes
Connectivity with
upland forest
Public park,
Human
modification/impacts trails
maintained,
prescribed
burns asneeded (Florida
State Park
management)

R.E. Olds
Park

Honeymoon
Honeymoon
Weedon
Gandy Bridge
Island State
Island
Island
Park
Causeway
Preserve
REOLDS
HI
HI-C
WI
GB
28°01’51.72”N 28°04’07.32”N 28°03’34.97”N 27°50’55.28”N 27°52’18.47”N
82°40’09.89”W 82°49’48.21”W 82°48’50.09”W 82°36’14.56”W 82°36’29.53”W
18.0-28.5
24.5-37.5
24.5-37.5
15-33
15-33
2-3
>10
2
>10
3
No
Public park,
recreation
infrastructure
(manicured
lawn,
mangroves
trimmed to ~1
m height, no
understory
brush), not
burned

Yes

No

Yes

No

State park,
trails
maintained,
prescribed
burns asneeded (Florida
State Park
management)

Mangrove
fringe adjacent
to road and
housing
development,
manicured
grassy
shoulder,
planted palms,
not burned

Nature
Preserve, trails
maintained,
prescribed
burns asneeded (most
recent 2013)

Mangrove
fringe adjacent
to sandy
shoulder and
road, not
burned

23

Table 2: Categories into which related sources (based on trophic group or overlapping stable isotope
signatures) were grouped for SIMMR mixing model analysis. Ants were not identified to species level,
therefore placement as either an herbivore or higher consumer was dependent on their corresponding δ15N
signature (>5.0 δ15N were categorized as a higher consumer).
Category
Herbivorous Insects

Source Organisms
Leafhoppers (Order Hemiptera), Bees (Order Hymenoptera),
Orchestia spp. (Order Amphipoda), Butterflies (Order:
Lepidoptera), Ants (Order: Hymenoptera), Aphids (Order:
Hemiptera)

Omnivorous/Detritivorous/Carnivorous
Arthropods

Spiders (Order: Araneae), Dragonflies (Order: Odonata),
Centipedes (Class: Chilopoda), Florida woods cockroaches
(Order: Blattodea), Millipedes (Class: Diplopoda)

Uca spp. (Fiddler Crabs)

Uca pugilator, Uca theyeri, Uca pugnax, Uca minax

Aratus

Aratus pisonii (combined with Uca spp. in new group
“Uca+Aratus” only when stable isotope signatures overlap
significantly)

Detritivorous Gastropods

Melampus coffeus, Littoraria angulifera

Mangrove Detritus

Detrital leaf-litter from some or all of the following:
Avicennia germinans, Laguncularia racemosa,
Rhizophora mangle

Seagrass Wrack

Detritus from Halodule spp. and and/or Thalassia spp.

High Intertidal Vegetation

Fresh leaves from Iva frutescens, Borrichia frutescens,
Limonium carolinianum, Baccharis angustifolia, Baccharis
halimifolia, Solidago sempervirens, Chenopodium album,
Physalis angustifolia

Intertidal/Upland Grasses

Fresh leaves from Distichlis spicata, Spartina alterniflora,
Stenotaphrum secundatum, Juncus roemarianus, Samolus
ebracteatus

Intertidal Succulents

Fresh leaves from Batis maritima, Salicornia virginica

Upland Plant Detritus

Detrital leaves and bark from Pinus elliotti, Serenoa repens,
Sabal palmetto

Upland Plants

Fresh leaves from Quercus virginiana, Nephrolepis
biserrata, Pteridium aquilinum, Myrica cerifera, Vitis
rotundifolia
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RESULTS
Mangrove Leaf Feeding
The mangrove leaf feeding experiment was conducted to assess preference of Armases
for leaves of 3 different mangrove species at three different levels of leaf decay: fresh, senescent,
and partially-decomposed. Percent consumption was estimated using regression to determine
initial dry weight from wet weight measures (Appendix A). Differential consumption based on
crab sex was assessed per leaf condition experiment and no significant differences were observed
(Appendix B). Therefore, gender was not a factor in subsequent analyses. No significant
differences in crab feeding between trials were found (Kruskal-Wallis Test, Table 3A) indicating
no differences in leaf palatability among individual trees of the same mangrove species, and thus
the three trials for each experiment were pooled (total n=45 replicates per experiment). Results
of the Friedman Rank Sum tests and the post-hoc Nemenyi Multiple Comparisons tests indicate
that Armases consumed a significantly greater proportion (p < .05) of Black mangrove leaf mass
in fresh and partially-decomposed experiments over the other mangrove taxa offered (Figure 1A
and 1C). No significant differences in feeding were observed when senescent leaves were offered
(Figure 1B) and observed feeding rates were highly variable.
Ecotonal Food Source Feeding
The multi-choice ecotone selectivity feeding experiment utilized the results of the
mangrove leaf feeding experiment to inform the potential prey items which were considered:
partially decomposed Black mangrove was selected as the mangrove food choice used along
25

with the five other choices. Given the availability of partially decomposed Black mangrove
leaves on the sediment surface and the higher probability of Armases encountering these leaves,
this leaf type was selected in the second set of feeding trials.
Percent consumption did not differ among the three trials (Kruskal-Wallis Test, Table
3B) indicating no within-species consumption differences, therefore all three trials were pooled
(n = 44 replicates total, excluding one replicate that died during experiment). Analysis of percent
consumption by Armases indicate significantly greater (p < 0.05) consumption of crickets
compared to other food sources, and greater consumption of Iva and Black mangrove over
Borrichia, Fern and Grass food choices (although no significant differences found between
consumption of Iva and Black mangrove, p = 0.93) (Friedman F χ2 = 130.35, p-value = 2.2e-16,
post-hoc Nemenyi Multiple Comparisons test, Figure 2).
Among all trials, Gryllodes sigillatus crickets were quickly and completely consumed.
Due to restrictions imposed by the Manly-Chesson selectivity index (Manly α) in which an alpha
value cannot be calculated for prey items consumed in their entirety, Crickets were removed
from the calculations of the selectivity index. Results show that 100% of the cricket offered to
each Armases was consumed within 5 minutes of the start of the experiment in all 44 replicates
(Figure 3). Selectivity is therefore only related to the vegetation food sources. No differences in
Manly α selectivity values for the different food types between replicates were detected
(Kruskal-Wallis rank sum test, p > 0.05), indicating no within-species differences in Manly α
selectivity; therefore, all trials were pooled for Manly α analysis. Friedman Rank Sum test
indicated differences in Manly α selectivity index values (F χ2 = 48.55, p-value = 7.26e-10)
between food choice, with significantly greater α values for Black mangrove (mean α = 0.38, p =
0.02) and Iva (mean α = 0.46, p < 0.01) plant consumption compared with those of Borrichia,
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Fern, and Grass (post-hoc Nemenyi Multiple Comparisons test, Figure 4). The Manly α values
for Borrichia, Fern, and Grass did not differ significantly between one-another (p > 0.05).
Ranking of food sources based upon the Chesson Electivity index (ϵi) and the observed
selectivity for Crickets in experiments was: Cricket > Iva (ϵi = 0.54) > Black mangrove (ϵi =
0.43) > Borrichia (ϵi = -0.57) > Fern (ϵi = -0.62) > Grass (ϵi = -0.72) with 0 representing no
preference, +1 indicating 100% preference, and -1 indicating 100% avoidance.
Stable Isotope Analyses
Trophic Position: Trophic positions of Armases were compared across sites Shapiro-Wilk
normality test, one-way ANOVA, and post-hoc multiple comparisons with Tukey’s HSD test
revealed significant pair-wise differences between pairs of sites, with a higher average trophic
position in the modified sites compared to the habitats with natural habitat connectivity in each
geographically-linked pair of sites (Figure 5). Trophic levels of Armases were then pooled based
on site connectivity type (natural and modified) and the mean trophic level was compared. The
assumption of normality was met (Shapiro-Wilk normality test, p > .05) but the variance between
groups was unequal (F test, p < .05), therefore a Welch two sample t-test was used. The mean
trophic level of Armases was significantly lower in habitats with natural connectivity than
Armases in habitats with modified connectivity (p < .05).
Mixing Models: The results of the Monte Carlo mixing polygons representing suitability
of fit for SIMMR mixing model analyses are reported in Figure 6. The mixing polygons
incorporated all consumers within 95% confidence (for both standard and Grapsid crab TEF’s) at
all sites, therefore the data was modelled using SIMMR to estimate dietary contributions of the
listed sources. Based on the heat-map isospace plots it was evident that the Grapsid crab Δδ13C
TEF shifted the source signatures significantly in space, therefore the relative distances between
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the consumers and sources were altered. This in turn was a source of variation in the SIMMR
model, with higher weighting of certain sources (e.g., mangrove and high intertidal plants) with
the use of the Grapsid TEF values compared to models constructed with the Standard TEF. In
some plots, the Grapsid TEF shifted the sources to allow for a more-inclusive fit around the
Armases signatures (UTBRP represented Figure 6A), however in most cases the addition of this
greater TEF pushed the consumer signatures to the edge of and even over the 95% confidence
contour line. While all Armases signatures remained in within the lowest confidence boundary,
significant movement of sources related to Armases likely played a significant role in biasing the
SIMMR mixing model results.
SIMMR results, reported as the proportional contribution of different animal prey types
to the diet of Armases across sites, indicate that Armases were omnivorous in all sites sampled
and that the contributions of overall animal material and mangrove material differ by population
(Figure 7). At nearly all sites, the proportion of animal material to the Armases sampled in
modified sites was greater than that of populations of Armases located in natural sites. This
supports the findings of the trophic level comparisons and adds further detail to the contributions
of specific sources which may alter Armases positions in the food web. Figure 7A indicates that,
while average proportional contribution of all terrestrial arthropods (both herbivorous insects and
omnivorous/detritivorous/carnivorous taxa) did not differ significantly between modified and
natural sites (mean 8.6 ± 1.5% and 9.82 ± 4.23% respectively), the proportional contribution of
herbivorous insects tended to be greater in natural sites compared to modified sites (mean =
12.07 ± 4.9% and 9.73 ± 1.0% respectively). The average contribution of
omnivorous/detritivorous/carnivorous taxa (mean = 7.57 ± 2.42 and 7.47 ± 0.86 respectively)
and gastropods (mean = 11.7 ± 7.64% and 15.67 ± 2.53%) similarly did not differ significantly.
28

In modified sites, Armases may be relying more heavily on grass vegetation (C4 photosynthetic
pathway) compared to other vegetation components (C3 pathway) (mean = 18.03 ± 5.4% and
10.1 ± 4.81%, F = 1.26, t = 2.25, p=0.059), however there is no significant difference between
these contributions in unmodified sites (mean 9.92 ± 5.65% and 9.95 ± 3.9%). However, there is
little confidence in our ability to distinguish contributions of C3 plants (mangrove vs. high
intertidal plants vs. forest plants) due to overlapping signatures. Without sources with distinctly
different signatures, current mixing models are unable to accurately provide proportions from
these potential food sources.
Based on the source proportions, the addition of the Grapsid TEF reduced the overall
contribution of animal material to Armases diets by roughly 10% across sites (Figure 7); a large
portion of this observed decrease was due to the contribution by detritivorous gastropods, whose
signatures (without TEF shift) are in close proximity with and even overlapping the Armases
signatures at most locations (see Appendix D). When the Grapsid TEF correction was applied,
the gastropod signatures were adjusted a considerable distance away from the Armases, thereby
causing the SIMMR model to construct a dietary profile with less emphasis on gastropods and
other animal taxa positioned closely with Armases in isotopic space. A similar dramatic shift can
be observed when comparing the contribution of mangrove material across sites based on either
the Standard TEF or the Grapsid TEF. The use of the Grapsid TEF led to the opposite patterns as
that observed with the gastropods: the model indicated greater contribution of mangroves
material when treated with the Grapsid TEF. Whether the SIMMR model can accurately
distinguish between high intertidal plants and mangrove material (signatures of which overlap
considerably in isospace) is uncertain, however I can conclude that the Grapsid TEF shows bias
for these vegetation types. The intervals of credible dietary proportions of each food source
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contributing to the Armases at each site indicate a high degree of variability in the confidence
intervals of the contributing food sources (Appendix C), however it should be noted that source
contributions with the narrowest confidence intervals are likely important contributors to the diet
regardless of ambiguity in the model.
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Table 3: Between-trial differences in consumption and Manly-Chesson α selectivity. A) Mangrove leaf
feeding experiment, B) Ecotonal food source feeding experiment. Differences between feeding rates were
compared across the three trials for each experiment using the Kruskal-Wallis rank sum test, α = 0.05.
A
Experiment Type
Fresh

Senescent

PartiallyDecomposed
B
Experiment Type
Ecotone Preference

Mangrove Species
Red
Black
White
Red
Black
White
Red
Black
White

Kruskal-Wallis χ2
3.0071
2.7546
2.8066
1.0389
1.0388
0.1029
2.1041
4.9223
0.3970

p
0.2223
0.2523
0.2458
0.5949
0.5949
0.9499
0.3492
0.0853
0.8201

Food Species
Avicennia germinans
Iva frutescens
Borrichia frutescens
Stenotaphrum secundatum
Nephrolepis biserrata
Gryllodes sigillatus

Kruskal-Wallis χ2
1.0875
2.0645
2.9271
0.8495
3.8547
.5745

p
0.5806
0.3562
0.2314
0.6539
0.1455
0.6163
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A

B

C

Figure 2 - Box plots of percent of total leaf mass
consumed by Armases in the mangrove herbivory
experiments (n = 45). A) Fresh leaves, B) Senescent
leaves, C) Partially-decomposed leaves. Box plots
represent minimum, first quartile, median, third quartile
and maximum. Lower case letters indicate pair-wise
differences (α = 0.05) based on Nemenyi Multiple
Comparisons test.
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Figure 3: Box plot distributions of percent of total leaf mass (g) consumed by Armases of different food
choices in the ecotonal food source feeding experiment (n = 44). Box plots represent minimum, first
quartile, median, third quartile and maximum. Lower case letters indicate pair-wise differences (α = 0.05)
based on Nemenyi Multiple Comparisons test.

Figure 4: Box plot distributions of Manly-Chesson α values for vegetation food sources consumed by
Armases in the ecotonal food source feeding experiment (n = 44). Box plots represent minimum, first
quartile, median, third quartile and maximum. Lower case letters indicate pair-wise differences (α = 0.05)
based on Nemenyi Multiple Comparisons test.
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Figure 5: Boxplot of Armases trophic position by site. Trophic position is based on the primary consumer
Melampus coffeus δ15N signature as a site-specific base. Geographically-paired sites of natural and
modified habitats are as follows: UTBRP+RE, HI+HI.C, and WI+GB. Boxplots represent minimum, first
quartile, median, third quartile and maximum. Lowercase letters denote pair-wise significance, p < 0.05.
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A) UTBRP
Standard Δδ13C

B) REOLDS
Standard Δδ13C

C) HI
Standard Δδ13C

D) HI-C
Standard Δδ13C

Grapsid Crab Δδ13C

Grapsid Crab Δδ13C

Grapsid Crab Δδ13C

Grapsid Crab Δδ13C

Figure 6: Monte Carlo mixing regions for each pair of sites with standard Δδ13C of 1.0 ‰ and Grapsid Δδ13C of 5.4 ‰ TEF’s based on stable
isotope results. Paired sites (natural and modified) are denoted with consecutive letters (A&B, C&D, E&F). Filled circles represent stable isotope
signatures of Armases consumers. White crosses represent average source signatures. Color gradient represents probability contours which
indicate how often a mixing polygon encloses an area. The outermost contour represents the 5% likelihood fit of a mixing model

35

Figure 6 (Continued)
E) WI
Standard Δδ13C

F) GB
Standard Δδ13C

Grapsid Crab Δδ13C

Grapsid Crab Δδ13C
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Figure 7: Proportional contributions of animal sources, mangroves, and other vegetation categories to the
diet of Armases (SIMMR mixing model). A) SIMMR model based on standard δ13C TEF, 1.00 ‰. B)
SIMMR model based on Grapsid crab TEF δ13C, 5.4 ‰. Sites with modified habitat connectivity are the
lower site of each pair (GB, HI-C, and RE OLDS) and are denoted by a *. Omniv/Detri/Carniv. Insects
refers broadly to terrestrial arthropods (including spiders, centipedes, etc.).
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DISCUSSION
Here I investigated whether the squareback marsh crab (Armases cinereum) displayed
feeding preference for mangrove vegetation and ecotone food sources under laboratory settings,
and whether these preferences were maintained in crab diets in natural settings. Results from
laboratory experiments indicated a clear preference of Armases for leaves of the Black mangrove
of both fresh and partially-decomposed levels of decay, when offered a choice of leaves from
three mangrove taxa. Overall, results from dietary analyses using stable isotopes of Armases
collected from all mangrove study sites indicated that diets of Armases collected from mangrove
habitats adjacent to highly modified patches displayed large variation in terms of contributions of
animal-derived sources and significantly higher trophic position in pairwise comparisons with
Armases in mangrove habitats with natural accessibility to upland vegetation. Higher trophic
position may be indicative of altered feeding behavior in modified locations (e.g., greater
abundance of animal prey, reduced prevalence of favored vegetation types and increased reliance
on animal prey, increased reliance on high-N vegetation, or N contamination from other sources
into the system) (Phillips and Gregg, 2003). Together, these results show that the diet of Armases
is broadly omnivorous and can be influenced by the heterogeneity of the habitat in terms of
connectivity with upland forest.
In laboratory feeding experiments, specifically among mangrove taxa offered, Armases
selectively consumed leaves of Black mangrove of both fresh and partially-decomposed levels of
leaf decay compared to leaves from the Red and White mangroves. Black mangrove leaves are
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reported to have higher nitrogen (N) content than leaves of other mangrove taxa (Erickson et al.,
2004), and the high N content is suggested to at least partially influence herbivory patterns by
other Grapsid crabs (Erickson et al., 2004; Nordhaus et al., 2011). Selective feeding by Armases
for Black mangrove leaves may therefore indicate mangrove feeding preferences driven by N
content of mangrove material. In my study, Armases showed preference for ingesting partiallydecomposed Black mangrove leaves that builds on our understanding of Armases serving an
important role as leaf shredders. This feeding behavior can contribute significantly to increasing
the surface area of detritus, microbial colonization (up to 2-fold increase in microbial respiration
rates and increase in overall N content of plant litter), and nutrient turnover rates via “messy
feeding” and fecal pellet deposition (Zimmer et al., 2002; 2004). Preference for Black mangrove
may indicate a crucial role Armases plays in nutrient cycling in mangrove and adjacent systems.
In addition to selective feeding on leaves of Black mangrove that were “aged” in choice
experiments offering only mangrove food, Armases maintained a high preference for feeding on
Black mangrove detrital leaves, as well as material from Iva, when offered four additional food
items from the mangrove/upland forest transition zone. More specifically, Chesson’s electivity
index, ϵ, indicated that amongst plant food items, Armases showed a trend for greater selectivity
for Iva over Black mangrove as well as the other plant taxa offered, however this was not
maintained using the Manly-Chesson α index. The high selectivity for Iva further supports the
findings of feeding experiments conducted on Armases sampled from saltmarsh systems where
Iva is highly abundant; Ho and Pennings (2008) further explored the relationship between
Armases and Iva and documented a top-down effect and trophic cascades related to Ivaassociated arthropods.
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The palatability of Iva to Armases has been investigated in saltmarsh habitats in the
northern extent of Armases’ distribution. Armases showed decreasing affinity towards Iva with
decreasing latitudes due to trends in Iva nutrient content (%N) (Pennings et al., 2001; Marczak et
al., 2011; Siska et al., 2002). In addition, I found that other plants (grass, fern, and Borrichia)
from the mangrove/upland forest ecotone were not readily consumed by Armases under
laboratory conditions. Pennings et al., (1998) ranked consumption of Iva and Borrichia by a
saltmarsh-inhabiting Armases equal in preference, however my results indicated that Armases
avoided consuming Borrichia if Iva was present. This may be related to greater N content in Iva
compared to Borrichia, or may be due to other factors such as leaf toughness, silica content, and
water content which are documented to influence feeding of Armases (Pennings et al., 1998). My
results illustrate that Armases maintains a high preference for Iva as well as for Black mangrove
over other vegetation types abundant at the mangrove/upland ecotone, a preference trend which
has not been reported previously and that may be significant in determining the role Armases
plays in habitats where Black mangroves are present.
Not only were herbivory patterns revealed during the laboratory feeding experiments, but
omnivory was also highlighted as an important dietary mode for Armases. Patterns of omnivory
by Armases have been described in other studies, but largely in relation to saltmarsh or upland
habitats adjacent to saltmarsh (Pennings et al., 1998; Marczak et al, 2011; Ho and Pennings,
2008). My results confirm that Armases maintains preference for animal prey when offered food
items present at the mangrove/upland forest transition zone. This was observed in Armases’
preference for crickets, as crabs consumed this prey item completely before consuming other
food items. Although the cricket species used here, Gryllodes sigillatus, was not naturally
abundant in the areas where Armases were sampled for this experiment, literature sources and
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field observations (Kiskaddon, pers. observ.) indicate that Armases consumes other invertebrate
prey including: spiders, Uca spp. (fiddler crabs), Melampus spp. and Littoraria spp. (intertidal
gastropods), Orchestia spp. (amphipods), aphids (and other grazing insects), and other various
arthropods (Buck et al., 2003; Ho and Pennings, 2008; Hübner et al., 2015). Based upon my
laboratory experiment animal prey was conclusively favored over plant-based food items, and if
animal prey is not available, Armases will switch to plant-based diets. The combination of both
plant and animal-derived sources in the diet of Armases has been shown to lead to fast growth
rates in laboratory studies (Buck et al., 2003). Consequentially Armases, as omnivores,
advantageously feed on both abundant, comparatively nutrient-poor food (e.g., plants) and rarer,
nutrient-rich foods (e.g., animal prey) (Coll and Guershon, 2002); this flexibility may allow them
to persist in such high numbers across a variety of systems.
Although laboratory feeding experiments provided useful insight into feeding behaviors
of Armases, stable isotope analysis offered information on diet and selectivity of food sources
via an integrated, field-based approach. In conjunction with laboratory feeding studies, the
results of trophic comparisons and Bayesian mixing models obtained from stable isotope
analyses were used to investigate the impacts of habitat modification on Armases feeding
behavior. The mangrove/upland ecotone in Tampa, FL, can be highly modified with the upland
forest often absent or disconnected from mangrove vegetation by human-constructed
infrastructure (roads, housing developments, heavily-manicured public parks). Ecosystem size
can also be reduced as infrastructure replaces upland vegetation. Such alterations can also
spatially de-couple the movement of predators in their search for prey thereby altering
predator/prey dynamics (McCann et al., 2005). Habitat alteration is known to influence trophic
food webs (Jack and Wing, 2011), and my results further explore the consequences of spatially
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de-coupling mangrove and upland forest habitats for the diet of Armases, a major player in the
detrital food web and contributor of top-down forces in the intertidal region.
By using δ15N signatures, I was able to assess the trophic position of Armases populations
across different locations within Tampa Bay to determine whether the presence of adjacent
upland forest habitat influenced a time-integrated feeding profile of the crab. Trophic level of
Armases from the six populations sampled in this study varied in range (variability across
individuals) as well as the average trophic level of each population. Pairwise comparisons of
Armases populations from geographically adjacent sites revealed a consistent pattern of trophic
position: Armases sampled from heavily modified sites had populations that were less variable in
trophic position and had a higher average trophic position compared to Armases sampled from
adjacent habitats with an intact mangrove/upland forest ecotone. The large range of trophic
position measured in Armases from sites with natural connectivity may indicate broad trophic
diversification and highly variable feeding behaviors (Jack and Wing, 2011).
The large variation in trophic position measured in Armases from natural habitats may be
a consequence of high variability in abundances of different prey taxa (either animals or N-rich
plants) or reduced individual feeding specialization (Jack and Wing, 2011). The overall higher N
signatures of Armases in modified areas may be due to greater consumption of animal prey or
more selective consumption of N-rich plants. However, field observations indicate that overall
plant diversity is lower in modified mangrove/upland forest ecotones with low abundance of Nrich plants like Iva, Battis maritimus, or standing mangrove leaf litter compared to the natural
locations studied. Therefore, it is likely that Armases is consuming more animal-derived material
in modified habitats possibly due to lack of other N-rich plant material. While generally
omnivorous in feeding behavior, it is evident that there is spatial variability in feeding behaviors
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displayed by Armases which may largely reflect the available nutritional landscape; this may
have important implications mechanisms controlling Armases population structure and overall
success in mangrove ecotones.
Mixing models based on stable isotope signatures are becoming increasingly utilized in
identification of dietary components and elaboration of trophic food web structure. The addition
of laboratory feeding experiments to further tease apart the complexities revealed in stable
isotope mixing models has been used in previous studies of mangrove crab feeding ecology
(Kristensen et al., 2010). Stable isotope analysis provided new information on Armases diet in
mangroves at my study sites, however three important factors need to be considered when
analyzing stable isotope results and interpreting diet composition using Bayesian mixing models.
Firstly, stable isotope analysis involves assessment of an integrated diet rather than a snap-shot
commonly revealed using other dietary analysis methods (e.g. fecal pellet analysis, gut content
analysis). Here, the stable isotope signature of each Armases crab represented approximately a
two-month assessment of assimilated food sources for claw muscle tissue (Bui and Lee, 2014).
While seasonality in feeding of Armases is not fully understood, activity of Armases decreases
markedly during winter months with decreasing temperatures (roughly November – February,
Kiskaddon pers. observations) and diets may change during this time interval. Therefore,
complete description of Armases diets would require additional collection and analysis of crabs
during other seasons. My results must be interpreted carefully as the study design did not
incorporate a time component in the diet analysis.
Secondly, use of the ‘standard’ δ13C TEF used to construct the bi-plots of food webs is
starting to be questioned. I showed how differences in the mixing polygons and results from the
SIMMR mixing models can vary based on the type of δ13C TEF utilized. A great complexity in
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δ13C enrichment for detritivorous organisms may indicate the need to measure δ13C enrichment
directly (Bouillon et al., 2008; Bui and Lee, 2014). While the δ13C TEF value proposed by Bui
and Lee (2014), which was one of the δ13C TEF values used in my study, may be accurate for
Grapsid crabs which are known to consume large amounts of leaf litter in Australia, but this may
not be useful when addressing stable isotope mixing models with Western Hemisphere Grapsid
crabs like Armases, whose patterns of detritivory are much less clearly defined in the literature
and based upon field evidence. Direct calculation of δ13C TEF values for Armases at my sites
would provide the most preferred set of values to include in the stable isotope analyses to lead to
more accurate mixing models, however the time required to maintain Armases on differing diets
at a variety of temperatures and salinities was not realistic for the extent of this project.
Therefore, my mixing model results may only provide approximate estimates of dietary
components.
Lastly, stable isotope mixing models still lack reliability in distinguishing among food
sources that are close together and/or overlapping in isotopic space. Here, overlapping isotopic
signatures were apparent in plants using the C3 photosynthetic pathway (i.e., mangroves, Juncus
roemerianus, Pinus elliottii, and other upland forest plants) which contributed to a large variation
in the dietary proportions calculated by the mixing model. Due to the limitations of current stable
isotope mixing models regarding distinguishing overlapping signatures, I cannot corroborate
results of feeding experiments based on the stable isotope analyses with much certainty.
However, I can use the laboratory feeding experiments to inform on the stable isotope
mixing model results, specifically with regards to the stable isotope signatures of mangrove /
high intertidal plant species. While the SIMMR model was unable to accurately discriminate
between contributions of mangrove and high intertidal plants to crab diets, it is likely that, based
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on the laboratory feeding experiments, Armases shows preference for black mangrove material
and Iva nearly equally if both vegetation sources are present with possibly greater preference for
Iva. Additionally, although the mixing models show contributions of grasses to the diet of
Armases, the experimental results indicate that Armases likely avoids these as substantial dietary
components in favor of food sources richer in N (animals, decomposing mangrove material, Iva).
Further feeding experiments, dietary analyses and a longer sampling period are needed to more
definitively show that patterns of Armases detritivory in mangrove habitats to assess whether
dietary proportions specifically are influenced by habitat connectivity between mangroves and
upland forest.
Implications
The current body of research on Armases cinereum is based on this species’ activities in
or near saltmarsh habitats (Pennings et al., 1998; Buck et al., 2003; Ho and Pennings, 2008;
Hübner et al., 2015). The purpose of my research was to investigate feeding behavior of Armases
in a previously understudied habitat, mangrove forests. Mangrove forests are experiencing a
range expansion via decreasing frequency of extreme cold weather events (Cavanaugh et al.,
2014). Furthermore, rising sea level is pushing the mangrove/upland forest boundary further
landward (Krauss et al., 2011) displacing saltmarsh vegetation; already ecosystem effects have
been documented (Yando et al., 2016; Osland et al., 2013; Armitage et al., 2015). Accordingly,
mangrove habitat expansion may have consequences for food web interactions, and Armases
may be used as an indicator to assess trophic change as their diet reflects availability of a variety
of prey associated with mangrove, saltmarsh, and upland habitats. Here, I suggest that Armases
might be an important detritivore, in both mixed-mangrove and A. germinans-dominated
intertidal habitats as well as saltmarsh habitats, based upon laboratory feeding experiments. My
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work confirms the need to pair geographically-close natural and modified sites in order to betterassess differences in trophic structure as patterns are better revealed in paired sites as values of
δ13C and δ15N can vary spatially and temporally. Furthermore, my findings suggest that Armases
populations may exhibit different dietary profiles likely reflecting the spatial heterogeneity of the
vegetation community and animal (arthropod) assemblage in which they are found. The use of N
isotopes to assess trophic position allows investigation into larger-scale aspects of trophic
complexity (reflected in the spatial and temporal variability in a community), ecosystem integrity
(human-induced habitat alteration), and small-scale species-specific population dynamics (Page
et al., 2013; Jack and Wing, 2011). In my study, trophic analysis and mixing models clearly
indicate that habitat modification impacts the feeding behavior of Armases, a ubiquitous
omnivore, which may have both top-down and bottom-up cascading effects at the local scale.
The diet selectivity of Armases may produce population-level consequences for this species and
other higher predators that rely on Armases as prey in natural and modified habitats within
Tampa Bay, FL, USA.
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Appendix A: Calibration for Feeding Experiments
To estimate the initial dry mass of leaves from fresh leaf mass, a calibration experiment
was conducted for each leaf condition (fresh, senescent, partially-decomposed) for the mangrove
leaf feeding experiments. Twenty replicates of a range of leaf sizes for each of the three
mangrove species (R. mangle, L. racemosa, A. germinans) of all experimental conditions (fresh,
senescent, and partially-decomposed) were collected from the field, rinsed with DI water, cut
down the midrib, weighed for wet mass (g), and dried to a constant weight for 48 h in an oven at
65°C whereupon the final dry mass (g) was recorded. Identical methodology was utilized for all
vegetation types offered in the ecotonal food source feeding experiment, however the animal
prey item (crickets), which were used whole and alive in this experiment, necessitated regression
calculation based on dry mass of intact crickets. A simple linear regression with a line
constrained through the origin determined the regression values for the wet weight to dry weight
conversion. The regression was used to estimate the initial dry mass of food sources in the
feeding experiments (Table A1).
Table A1: Wet weight (x) to dry weight (y) conversion coefficients for all vegetation types used in
feeding experiments. Regression coefficients are based on simple linear regression constrained through
the origin.

Iva frutescens

Leaf Status
Fresh
Partially-decomposed
Senescent
Fresh
Partially-decomposed
Senescent
Fresh
Partially-decomposed
Senescent
Fresh
Partially-decomposed
Senescent
Fresh

R2
0.99
0.99
0.99
0.99
0.99
0.97
0.997
0.98
0.998
0.99
0.99
0.99
0.98

Coefficient
0.321
0.278
0.290
0.418
0.273
0.454
0.334
0.214
0.299
0.321
0.278
0.290
0.207

Borrichia frutescens

Fresh

0.995

0.159

Pteridium spp.

Fresh

0.995

0.478

Stenotaphrum secundatum

Fresh

0.997

0.24

Gryllodes sigillatus

Fresh

0.984

0.251

Species
Rhizophora mangle

Avicennia germinans

Laguncularia racemosa

Rhizophora mangle

54

APPENDIX B: Gender biases in feeding experiments
Due to sex-specific differences in feeding patterns reported by Hübner et al. (2015) for
Armases in a saltmarsh/upland forest ecotone, it was important to assess whether any genderbased differences in consumption influenced our analyses for crabs collected from a
mangrove/upland forest ecotone. Differences in Armases feeding based on gender were analyzed
separately for the mangrove leaf herbivory experiment and the ecotonal food source feeding
experiment.
A factorial ANOVA was conducted to compare the main effect of gender and the
interaction effect between gender and mangrove species on the percent initial leaf mass
consumed by Armases for each experiment. All trials were pooled by experiment type (fresh,
senescent, and partially-decomposed). Gender included two levels (male and female) and
mangrove species included three levels (Red, White, and Black). No significant effects of gender
on consumption were observed at the 0.05 significance level for the Fresh mangrove leaf
experiments [F(1, 96) = 0.52, p > .05], Senescent mangrove leaf experiments [F(1, 123) = 0.17, p
> .05], or Partially-Decomposed leaf experiments [F(1, 81) = .40, p > .05]. Additionally, the
interaction effect of gender by leaf taxa was non-significant for fresh [F(2, 96) = .912, p > .05],
Senescent [F(2, 123) = 0.06, p < .05], or Partially-Decomposed [F(2, 81) = 1. 05, p > .05]
experiments.
Gender-based differences for Manly-Chesson α selectivity for the vegetation choices
offered in the ecotonal food source feeding experiment were assessed using a factorial ANOVA
to compare the main effect of gender and the interaction effect between gender and plant species
on Manly-Chesson α values. This analysis was based on pooled values from the three trials and
yielded no significant effect of gender on Manly-Chesson α at the 0.05 significance level [F(1,
210) = 0.10, p > .05]. All crabs, regardless of sex, consumed the animal prey item in its entirety
and therefore I did not see gender-based differences in consumption of this food source.
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APPENDIX C: Means and Ranges for Proportional Dietary Contributions

The mean and range of each dietary source to the diet of Armases sampled at each site based on the SIMMR model results
(Table A2). The breadth of the range is indicative of the uncertainty inherent in the model and may be a result of a potential gap in the
dietary sources sampled or the addition of sources that do not contribute to the diet. The Other category represents the proportion
unexplained by the sources listed in Table 2. Other Decapods refers to the combination of Aratus pisonii and Uca spp. as these groups
overlapped significantly in stable isotope signature. The range represents the lower 2.5% and upper 97.5% quantiles
Table A2: SIMMR model results for both A) standard δ13C TEF of 1.0 ‰ and B) Grapsid δ13C TEF of 5.4 ‰ across study sites.

A) Standard δ13C TEF
Site
UTBRP
RE
OLDS
HI
HI-C
WI
GB

Statistic
mean
range
mean
range
mean
range
mean
range
mean
range
mean
range

Other
Decapods
6
0.6-24.7
12
1.2-40.9
4.7
0.6-20.4
7.1
1.1-19.0
9.7
0.9-40.0
8.4
1.1-24.8

Gastropods
20.4
1.2-59.3
15.2
1.3-50.9
6.1
0.7-24.0
13.4
1.1-46.7
8.6
0.9-27.3
18.4
1.6-56.7

Herbiv.
Insects
15.5
1.1-52.5
9.8
1.1-28.5
6.5
0.8-20.0
8.7
1.2-22.2
14.2
1.0-50.9
10.7
1.2-29.1

Omniv/Detri/
Carniv. Arthropods
9.3
0.7-36.7
6.7
0.9-23.7
4.8
0.6-20.5
7.3
1.0-22.1
8.6
0.8-32.2
8.4
1.0-25.8
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Mangrove
Detritus
6.9
0.8-23.8
12.6
1.3-34.8
9.9
0.9-35.2
6.6
0.8-19.6
9.6
0.9-32.3
7.7
1.0-21.5

High Intertidal
Plants
6.2
0.7-19.6
18.8
1.9-42.6
17.2
1.2-48.7
6.5
0.9-19.1
9.9
1.0-33.7
8.4
1.1-24.0

Grasses
14.1
1.1-34.6
11.8
1.2-35.3
3.5
4.8-34.0
21.1
1.4-58.0
12.2
1.9-25.3
21.2
2.7-47.5

Forest
Plants
6.8
0.8-21.8
0

Forest
Detritus
7.6
0.9-24.8
0

14.4
1.1-42.0
0

13.6
1.0-45.5
0

19.3

15.9
1.2-51.8
0

11.4
1.1-41.2
0

0

Other
7.2
13.1

29.3

16.7

Appendix C: continued
A) Grapsid δ13C TEF
Site

UTBR
P
RE
OLDS
HI
HI-C
WI
GB

Statistic

mean
range
mean
range
mean
range
mean
range
mean
range
mean
range

Other
Decapods
3.7
0.6-24.8
8.6
0.9-27.9
3
0.5-7.8
8.6
1.2-21.7
4.9
0.5-17.9
5.1
0.8-13.8

Gastropods
7.7
0.7-45.3
9.6
0.8-34.8
3.4
0.5-9.4
12.4
1.3-36.8
3.4
0.4-11.4
13.9
1.3-39.2

Herbiv.
Insects
9.4
1.0-64.0
6.1
0.7-21.2
3.7
0.5-10.3
12.8
1.8-30.6
7.1
0.5-31.4
11.1
1.2-33.3

Omniv/Detri/
Carniv.
Arthropods
6
0.7-41.5
5.2
0.7-16.1
3.1
0.5-8.6
7.7
1.0-21.4
5.2
0.5-20.9
6.9
1.0-19.9

Mangrove
Detritus
8.2
0.7-26.9
22.6
1.4-66.1
8.7
0.7-34.5
14.4
1.4-42.2
12.7
0.7-57.6
20.8
1.6-51.9
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High Intertidal
Plants
9.7
0.7-29.5
32.4
2.2-67.7
25.2
1.0-74.1
12.4
1.3-36.2
10.9
0.6-53.1
26.6
1.8-58.0

Grasses
5.5
0.6-19.6
7.3
0.8-26.9
3.5
0.5-9.4
9.2
1.1-27.2
3.5
0.4-12.5
9.1
1.4-21.9

Forest
Plants
27.8
0.9-67.2
0

Forest
Detritus
13.7
0.7-37.9
0

38.3
1.5-74.9
0

11.1
0.7-46.9
0

28.1
0.9-76.8
0

24.1
0.9-82.5
0

Other
8.3
8.2
0
22.5
0.1
6.4

APPENDIX D: Biplots of Armases and source contributions
Figure A1 (left): Biplot of stable
isotope means and standard
deviation of source categories from
Honeymoon Island (HI) based on
Standard TEF values. Empty circles
represent the signatures of
individual Armases crabs sampled
from the site.

Table A3 (below): The mean stable
isotope signatures and standard
deviation (SD) for source organisms
at Honeymoon Island (HI). Sources
were assigned to categories based
on overlapping signatures in
isotopic space and ecological
relatedness. The corresponding
mean and standard deviation (SD)
of each group used in the SIMMR
model analysis is also given.
ANIMAL-BASED SOURCES
HERBIVOROUS INSECTS
Common Name
δ15N δ13C
%N
Aphids
-1.73 -31.34
3.84
Leafhoppers
1.69 -17.73
9.68
MEAN
1.17 -23.72
8.03
SD
2.18
5.68
2.98
OMNIV/DETRI/CARNIV. ARTHROPODS
Common Name
δ15N δ13C
%N
Flies
3.54 -22.08 10.58
Cockroach
1.25 -24.93 10.26
Spiders
2.75 -24.26 10.42
MEAN
2.52 -23.76 10.42
SD
0.95
1.22
0.13
OTHER DECAPODS (UCA+ARATUS)
Common Name
δ15N δ13C
%N
Uca
2.38 -24.44 11.57
Aratus
1.97 -24.12 11.87
MEAN
2.28 -24.36 11.64
SD
0.30
1.04
0.40
DETRITIVOROUS GASTROPODS
Common Name
δ15N δ13C
%N
Melampus coffeus
2.20 -19.90
7.13
SD
0.28
1.19
0.44

%C
56.75
48.97
50.69
4.41
%C
46.37
45.56
44.69
45.54
0.68
%C
39.34
40.45
39.61
1.39
%C
38.16
1.51

PLANT-BASED SOURCES
MANGROVE DETRITUS
Common Name
δ15N δ13C
A. germinans
3.99 -28.74
R. mangle
-0.22 -28.44
L. racemosa
-1.43 -28.34
MEAN
0.78 -28.51
SD
2.32
0.17
HIGH INTERTIDAL PLANTS
Common Name
δ15N δ13C
Iva frutescens
0.32 -29.28
Borrichia frutescens
-1.61 -30.83
Baccharis halimifolia
-1.58 -30.91
Baccharis angustifolia
-0.61 -30.65
Solidago sempervirens
-1.08 -30.91
Samolus ebracteatus
-1.14 -28.50
MEAN
-0.95 -30.18
SD
0.66
0.94
GRASSES
Common Name
δ15N δ13C
Stenotaphrum secundatum -1.65 -14.06
SD
1.05
0.73
UPLAND FOREST PLANTS
Common Name
δ15N δ13C
Myrica cerifera
-1.38 -31.00
SD
0.33
0.22
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%N
0.91
0.73
0.29
0.64
0.26

%C
44.72
41.00
41.49
42.40
1.65

%N
2.78
2.30
2.05
2.28
2.53
1.19
2.19
0.50

%C
35.95
36.67
47.86
31.30
43.40
30.38
37.59
6.25

%N
1.13
0.14

%C
41.45
1.10

%N
1.73
0.51

%C
48.49
1.55

APPENDIX D: continued
Figure A2 (left): Biplot of
stable isotope means and
standard deviation of
source categories from
Honeymoon Island
Causeway (HI-C) based
on Standard TEF values.
Details the same as
Fig.A1.

Table A4 (below): The
mean and standard
deviation (SD) of stable
isotope signatures for
source organisms at HI-C.
Details the same as Table
A3.
ANIMAL-BASED SOURCES
HERBIVOROUS INSECTS
Common Name
δ15N δ13C
%N
Leafhoppers
0.45 -23.57 10.53
SD
0.20
0.20
0.10
OMNIV/DETRI/CARNIV. ARTHROPODS
Common Name
δ15N δ13C
%N
Isopods
4.93 -10.82
7.10
Cockroach
0.77 -15.99 10.96
Spiders
4.77 -19.96 10.94
Ants
6.16 -15.48 11.29
Flies
6.73 -25.37 10.55
MEAN
4.67 -17.52 10.17
SD
2.09
4.88
1.55
OTHER DECAPODS (UCA+ARATUS)
Common Name
δ15N δ13C
%N
Uca
6.16 -15.52 11.75
SD
0.15
1.72
0.43
DETRITIVOROUS GASTROPODS
Common Name
δ15N δ13C
%N
Melampus coffeus
2.94 -19.28
8.42
Cerithidea scalariformis
4.43 -16.57 10.13
MEAN
3.69 -17.92
9.28
SD
0.74
1.36
0.86

%C
47.68
0.13
%C
32.42
44.25
46.86
46.65
43.96
42.83
5.34
%C
39.84
1.42
%C
36.43
39.83
38.13
1.70

PLANT-BASED SOURCES
MANGROVE DETRITUS
Common Name
δ15N δ13C
A. germinans
2.11 -27.49
R. mangle
3.26 -27.69
L. racemosa
4.34 -26.61
MEAN
3.24 -27.26
SD
0.91
0.47
HIGH INTERTIDAL PLANTS
Common Name
δ15N δ13C
Iva frutescens
1.88 -27.15
Chenopodium album
6.71 -27.63
Physalis angustifolia
1.71 -28.18
MEAN
3.43 -27.65
SD
2.32
0.42
GRASSES
Common Name
δ15N δ13C
Stenotaphrum secundatum
2.48 -14.08
Distichlis spicata
2.02 -13.76
MEAN
2.25 -13.92
SD
0.84
0.46
WRACK
Common Name
δ15N δ13C
Halodule/Thalassia spp.
2.22 -10.04
SD
0.11
1.26
UPLAND DETRITUS
Common Name
δ15N δ13C
Palm
-2.61 -29.08
SD
0.20
0.88
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%N
0.42
0.32
0.86
0.53
0.24

%C
45.27
41.49
45.78
44.18
1.91

%N
3.13
5.28
2.32
3.58
1.25

%C
38.57
40.81
43.65
41.01
2.08

%N
2.26
1.62
1.94
0.73

%C
43.30
41.62
42.46
1.01

%N
2.03
0.20

%C
36.63
0.66

%N
0.72
0.33

%C
46.20
1.00

APPENDIX D: continued
Figure A3 (left): Biplot of
stable isotope means and
standard deviation of
source categories from
Upper Tampa Bay
Regional Park (UTBRP)
based on Standard TEF
values. Details the same
as Fig.A1.

Table A5 (below): The
mean and standard
deviation (SD) of stable
isotope signatures for
source organisms at
UTBRP. Details the same
as Table A3.
ANIMAL-BASED SOURCES
HERBIVOROUS INSECTS
Common Name
δ13C
δ15N %C
Ants
-21.57
1.81
45.62
Amphipods
-23.80
0.32
35.39
Leaf hoppers
-18.72
3.37
52.93
Bees
-25.63
1.76
48.59
MEAN
-22.43
1.82
45.63
SD
2.58
1.08
6.46
OMNIV/DETRI/CARNIV. ARTHROPODS
Common Name
δ13C
δ15N %C
Spiders
-23.31
3.95
46.41
Dragonflies
-19.56
5.34
46.95
Centipede
-23.69
3.05
45.83
Cockroach
-26.10
1.50
49.27
Millipede
-23.00
3.00
46.73
MEAN
-23.13
3.37
47.04
SD
2.10
1.26
1.18
OTHER DECAPODS (UCA+ARATUS)
Aratus
-24.15
5.04
43.70
Uca
-22.03
5.30
43.57
MEAN
-23.09
5.17
43.64
SD
0.87
0.11
0.05
DETRITIVOROUS GASTROPODS
Common Name
δ13C
δ15N %C
Melampus coffeus
-19.91
2.02
38.16
SD
0.74
1.36
0.86

SUCCULENTS
Common Name
Salicornia virginica
Battis maritimus
MEAN
SD

δ13C
-29.3
-25.9
-27.57
1.69

δ15N
4.5
5.9
5.20
0.69

%N
10.73
6.96
8.87
11.30
9.47
1.70
%N
11.40
12.42
12.10
11.22
11.49
11.72
0.46
13.48
13.58
13.53
0.04
%N
7.13
1.70

plants.

cont.

%C
30.3
31.4
30.86
0.56

%N
1.3
1.0
1.15
0.12

PLANT-BASED SOURCES
MANGROVE DETRITUS
Common Name
δ13C
δ15N
A. germinans
-27.30
5.43
R. mangle
-28.75
3.52
L. racemosa
-29.14
4.42
MEAN
-28.40
4.46
SD
0.79
0.78
HIGH INTERTIDAL PLANTS
Common Name
δ13C
δ15N
Iva frutescens
-29.33
5.02
Borrichia frutescens
-29.20
3.65
Juncus roemarianus
-28.44
4.76
MEAN
-28.99
4.48
SD
0.39
0.60
GRASSES
Common Name
δ13C
δ15N
Distichlis spicata
-14.13
5.21
Stenotaphrum secundatum -13.85
1.39
MEAN
-13.99
3.30
SD
0.14
1.91
FOREST PLANTS
Common Name
δ13C
δ15N
Quercus spp.
-31.95 -1.80
Pteridium spp.
-31.62 -0.10
MEAN
-31.79 -0.95
SD
0.17
0.85
FOREST DETRITUS
Common Name
δ13C
δ15N
Pinus elliotti (bark)
-26.11 -3.98
Pinus elliotti (leaves)
-27.37 -3.07
Sabal palmetto
-27.11
1.03
Serenoa repens
-30.97
1.80
MEAN
-27.89 -1.06
SD
1.84
2.50

60

%C
55.68
51.47
46.32
51.16
3.82

%N
1.20
1.10
0.58
0.96
0.27

%C
40.71
40.64
46.30
42.55
2.65

%N
3.07
1.85
1.10
2.01
0.81

%C
47.33
43.00
45.17
2.16

%N
1.39
0.96
1.17
0.22

%C
50.14
48.27
49.20
0.93

%N
1.28
1.56
1.42
0.14

%C
53.87
50.87
51.35
47.63
50.93
2.22

%N
0.20
0.23
0.71
0.97
0.53
0.33

APPENDIX D: continued

Figure A4 (above): Biplot of stable isotope means and standard deviation of source categories from R.E. Olds (RE
OLDS) based on Standard TEF values. Details the same as Fig.A1.
Table A6 (below): The mean and standard deviation (SD) of stable isotope signatures for source organisms sampled
at RE OLDS. Details the same as Table A3.

ANIMAL-BASED SOURCES
HERBIVOROUS INSECTS
Common Name
δ15N δ13C
%N
Leafhopper
3.12 -17.77 51.62
Grasshopper
2.12 -13.09 45.44
MEAN
2.62 -15.43 48.53
SD
0.50
2.34
3.09
OMNIV/DETRI/CARNIV. ARTHROPODS
Common Name
δ15N δ13C
%N
Flies
7.85 -16.87 49.07
Dragonfly
9.61 -22.75 46.48
Spiders
6.82 -19.66 48.35
MEAN
8.09 -10.96 47.98
SD
3.34
10.95
1.17
OTHER DECAPODS (UCA+ARATUS)
Aratus pisonii
6.30 -21.64 12.69
Uca spp.
5.27 -20.57 41.74
MEAN
5.79 -21.10 27.22
SD
0.52
0.53 14.52
DETRITIVOROUS GASTROPODS
Common Name
δ15N δ13C
%N
Melampus coffeus
4.40 -19.41 36.93
SD
0.75
0.42
2.07

%C
9.61
10.93
10.27
0.66
%C
10.30
12.43
11.00
11.29
0.70
41.70
12.58
27.14
14.56
%C
8.74
0.94

PLANT-BASED SOURCES
MANGROVE DETRITUS
Common Name
δ15N δ13C
A. germinans
5.28 -27.20
R. mangle
3.90 -28.48
L. racemosa
4.04 -28.59
MEAN
4.40 -28.09
SD
0.62
0.63
HIGH INTERTIDAL PLANTS
Common Name
δ15N δ13C
Iva frutescens
1.66 -28.67
Borrichia frutescens
0.46 -28.76
Limonium carolinianum
1.85 -26.08
MEAN
1.33 -27.84
SD
0.61
1.24
GRASSES
Common Name
δ15N δ13C
Spartina spp.
3.76 -13.70
Stenotaphrum secundatum
1.72 -13.73
MEAN
2.74 -13.72
SD
1.02
0.02
SUCCULENTS
Common Name
δ15N δ13C
Battis maritimus
4.57 -16.84
SD
0.25
0.08

61

%N
0.95
0.66
0.73
0.78
0.12

%C
46.91
46.29
47.15
46.78
0.36

%N
2.53
2.35
2.83
2.57
0.20

%C
38.46
37.04
39.51
38.34
1.01

%N
1.04
1.61
1.32
0.29

%C
42.53
39.63
41.08
1.45

%N
0.84
0.15

%C
29.61
0.21

APPENDIX D: continued

Figure A5 (left): Biplot
of stable isotope means
and standard deviation
of source categories
from Weedon Island
(WI) based on Standard
TEF values. Details the
same as Fig.A1.

Table A7 (below): The
mean and standard
deviation (SD) of
stable isotope
signatures for source
organisms for WI.
Details the same as
Table A3.
ANIMAL-BASED SOURCES
HERBIVOROUS INSECTS
Common Name
δ15N δ13C
%N
Butterfly
2.18 -25.27 11.04
Ants
0.59 -24.81 10.11
Moths (small)
-0.01 -25.09 10.02
Aphids
0.97 -27.38
6.10
Leafhoppers
0.07 -26.70
9.24
MEAN
0.76 -25.85
9.30
SD
0.79
1.00
1.70
OMNIV/DETRI/CARNIV. ARTHROPODS
Common Name
δ15N δ13C
%N
Spiders
2.20 -25.00 10.87
Beetles
2.34 -28.55
8.56
MEAN
2.27 -26.77
9.72
SD
0.07
1.77
1.15
OTHER DECAPODS (UCA+ARATUS)
Aratus pisonii
1.70 -25.25 11.98
Uca spp.
1.79 -25.30 12.27
MEAN
1.75 -25.27 12.13
SD
0.29
0.39
0.34
DETRITIVOROUS GASTROPODS
Common Name
δ15N δ13C
%N
Melampus coffeus
2.70 -18.00
8.42
SD
0.46
0.55
0.23

%C
44.30
45.42
48.19
48.32
48.41
46.93
1.73
%C
44.25
49.91
47.08
2.83
40.39
40.53
40.46
0.99
%C
36.43
0.44

PLANT-BASED SOURCES
MANGROVE DETRITUS
Common Name
δ15N δ13C
A. germinans
3.38 -28.46
R. mangle
1.22 -29.31
L. racemosa
-1.00 -28.34
MEAN
1.20 -28.70
SD
1.79
0.43
HIGH INTERTIDAL PLANTS
Common Name
δ15N δ13C
Iva frutescens
1.77 -28.55
Baccharis halimifolia
0.69 -28.62
MEAN
1.23 -28.59
SD
0.54
0.04
GRASSES
Common Name
δ15N δ13C
Stenotaphrum secundatum -3.75 -13.40
SD
1.05
0.22
FOREST PLANTS
Common Name
δ15N δ13C
Vitis rotundifolia
-3.79 -31.48
Pteridium spp.
-0.87 -25.72
Quercus spp.
-4.38 -27.52
MEAN
-3.01 -28.24
SD
1.54
2.41
FOREST DETRITUS
Common Name
δ15N δ13C
Quercus spp.
-4.20 -29.57
Sabal palmetto
-0.56 -27.58
MEAN
-2.38 -28.58
SD
1.82
1.00
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%N
0.58
0.70
0.32
0.53
0.16

%C
46.28
43.42
45.87
45.19
1.27

%N
2.73
2.33
2.53
0.20

%C
35.80
48.00
41.90
6.10

%N
0.80
0.42

%C
42.62
0.52

%N
2.02
1.35
1.51
1.63
0.29

%C
43.37
46.67
48.17
46.07
2.01

%N
0.75
0.96
0.85
0.10

%C
47.76
40.93
44.34
3.41

APPENDIX D: continued
Figure A6 (left): Biplot
of stable isotope means
and standard deviation
of source categories
from Weedon Island
Causeway (WI-C)
based on Standard TEF
values. Details the
same as Fig.A1.

Table A8 (below): The
mean and standard
deviation (SD) of
stable isotope
signatures for source
organisms for WI-C.
Details the same as
Table A3.
ANIMAL-BASED SOURCES
HERBIVOROUS INSECTS
Common Name
δ15N δ13C
%N
Leafhoppers
4.20 -19.03
9.33
Aphids
2.43 -28.63
9.67
MEAN
3.31 -23.83
9.50
SD
0.88
4.80
0.17
OMNIV/DETRI/CARNIV. ARTHROPODS
Common Name
δ15N δ13C
%N
Spiders
5.85 -22.48 10.75
Dragonflies
7.24 -24.61 10.08
Predatory Fly
6.78 -24.96 10.67
Flies
4.70 -26.49
9.26
Isopods
4.41 -18.27
6.66
AVERAGE
5.80 -23.36
9.48
ST.DEV
1.11
2.85
1.51
OTHER DECAPODS (UCA+ARATUS)
Aratus pisonii
6.06 -21.22 12.36
Uca spp.
6.58 -17.49 12.41
MEAN
6.38 -18.89 12.39
SD
0.55
2.06
0.81
DETRITIVOROUS GASTROPODS
Common Name
δ15N δ13C
%N
Melampus coffeus
2.97 -21.03
7.96
SD
0.33
0.65
0.44

%C
49.77
46.87
48.32
1.45
%C
45.57
48.96
46.98
44.63
39.96
45.22
3.01
41.86
42.31
42.14
1.20

PLANT-BASED SOURCES
MANGROVE DETRITUS
Common Name
δ15N δ13C
%N
A. germinans
7.14 -29.14 1.43
R. mangle
3.40 -27.40 0.45
L. racemosa
4.04 -27.72 0.35
MEAN
4.86 -28.08 0.74
SD
1.63
0.76 0.49
HIGH INTERTIDAL PLANTS
Common Name
δ15N δ13C
%N
Baccharis halimifolia
1.72 -27.63 2.03
Borrichia frutescens
3.27 -28.72 2.50
MEAN
2.50 -28.18 2.26
SD
0.78
0.54 0.24
GRASSES
Common Name
δ15N δ13C
%N
Poacea spp.
2.80 -14.65 1.31
Distichlis spicata
3.77 -13.77 2.08
MEAN
3.12 -14.35 1.57
SD
0.50
0.42 0.51

%C
38.33
0.22
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%C
48.97
48.49
44.21
47.22
2.14
%C
46.51
38.72
42.61
3.90
%C
44.62
42.70
43.98
0.97

